Context: Disease processes that affect the pituitary stalk are broad; the diagnosis and management of these lesions remains unclear. Objective: The aim was to assess the clinical, biochemical and histopathological characteristics of pituitary stalk lesions and their association with specific MRI features in order to provide diagnostic and prognostic guidance. Design and methods: Retrospective observational study of 36 patients (mean age 37 years, range: 4-83) with pituitary stalk thickening evaluated at a university hospital in Oxford, UK, 2007-2015. We reviewed morphology, signal intensity, enhancement and texture appearance at MRI (evaluated with the ImageJ programme), along with clinical, biochemical, histopathological and long-term follow-up data. Results: Diagnosis was considered certain for 22 patients: 46% neoplastic, 32% inflammatory and 22% congenital lesions. In the remaining 14 patients, a diagnosis of a non-neoplastic disorder was assumed on the basis of long-term follow-up (mean 41.3 months, range: 12-84). Diabetes insipidus and headache were common features in 47 and 42% at presentation, with secondary hypogonadism the most frequent anterior pituitary defect. Neoplasia was suggested on size criteria or progression with 30% sensitivity. However, textural analysis of MRI scans revealed a significant correlation between the tumour pathology and pituitary stalk heterogeneity in pre-and post-gadolinium T1-weighted images (sensitivity: 88.9%, specificity: 91.7%). Conclusions: New techniques of MRI imaging analysis may identify clinically significant neoplastic lesions, thus directing future therapy. We propose possible textural heterogeneity criteria of the pituitary stalk on pre-and postgadolinium T1 images with the aim of differentiating between neoplastic and non-neoplastic lesions with a high degree of accuracy.
Introduction
The pituitary stalk connects the median eminence of the hypothalamus to the pituitary gland. Disease processes primarily involving the pituitary stalk present a demanding challenge for the clinician, given the relatively few specific signs of the disease and the problems in obtaining a tissue sample. The management of disorders associated specifically with abnormalities of the pituitary stalk is highly problematic, and it remains unclear as to how and when surgical intervention is required, given that surgery can be associated with significant morbidity. Magnetic resonance imaging (MRI) has proved to be an essential tool in the evaluation of intracranial pathology and of the majority of lesions affecting the hypothalamo-pituitary region (1, 2, 3, 4, 5, 6) , but its role in determining when surgery is appropriate in this situation is controversial (7, 8) .
The upper limit of normal of the width of the pituitary stalk is 3.25 mm near the median eminence and 1.9 mm at its insertion into the pituitary gland (9) . Pituitary stalk lesions are often discovered on MRI either incidentally or during evaluation for symptoms related to various degrees of hypothalamic and/or pituitary dysfunction, especially in patients with isolated diabetes insipidus (DI). The differential diagnosis of masses affecting the pituitary stalk is wide, and can be grouped into three categories: congenital, inflammatory/infectious and neoplastic (8, 10, 11, 12) . However, to obtain a definitive histological diagnosis would require biopsy of the stalk, which is a difficult procedure associated with considerable morbidity (13) . Guidelines regarding the clinical management of such lesions are sparse, other than a recent review from the Mayo Clinic (6) , and there are few centres with the large patient numbers and expertise to collate sufficient data on their management.
We have, therefore, conducted a retrospective analysis of patients with pituitary stalk thickening evaluated at a large referral centre over the last decade. In particular, we have tested whether novel analysis of MRI imaging can offer a diagnostic advantage and guide management of this rare condition.
Patients and methods
We identified patients with pituitary stalk thickening by an electronic and manual search of the weekly pituitary surgical multidisciplinary group records, the neurosurgical operation lists of the neurosurgeon (SC) performing this procedure and our pituitary patient database; the text words 'pituitary stalk' and 'infundibulum' were used in a computerised search.
Inclusion criteria were age between 4 and 80 years, and a cranial/pituitary MRI performed between January 2007 and December 2015. Exclusion criteria were patients with inadequate imaging or a normal pituitary stalk at image revision, and patients with pituitary or brain radiation/ surgery before the diagnostic MRI.
Endocrine assessment
The following data were collected from medical records: anthropometric parameters, signs and symptoms of DI or isolated/multiple anterior pituitary hormone deficiencies. Baseline endocrine tests including serum GH, IGF1, LH, FSH, testosterone or estradiol, prolactin, thyroid function, 09:00 h cortisol, plasma ACTH and dynamic function tests where available. Serum/CSF tumour and inflammatory markers such as hCG, αFP and ACE were recorded when performed at any point either at presentation or during the course of the disease process.
MRI evaluation
All retrieved MRI scans were fully re-analysed by a neuroradiologist and, independently, by an endocrinologist expert in neuroendocrine imaging: both were blind to the attributed diagnosis. Both investigators were asked to confirm stalk thickening, annotate the dimensions and length of the stalk, evaluate the homogeneity of the thickening, the presence or absence of the posterior hypophyseal bright spot (PHBS), and the MRI characteristics and enhancement pattern (homogeneous/ non-homogeneous) of the adenohypophysis and neurohypophysis. Disagreement was discussed and consensus agreed.
Although the patients were submitted to different protocols, all patients were included in the study on the condition that sagittal and coronal non-enhanced and/ or enhanced T1-weighted images of the hypothalamohypophyseal tract were present; this ultimately led to a collection of 33 T1-weighted pre-contrast and 32 T1-weighted post-contrast images.
Analysis of hypothalamo-hypophyseal region was reviewed at subsequent MRI scans to assess changes occurring throughout the follow-up period. The shape, length and diameter of the pituitary stalk (PS) were measured proximally and distally from sagittal and coronal T1-weighted sequences (14) . The stalk was considered enlarged when the diameter was greater than 3.25 mm in its proximal portion and/or 1.9 mm in its distal portion, as reported previously (9) . The height and depth of the anterior pituitary on the sagittal T1-weighted image, and width on the coronal T1-weighted image, were also recorded for each patient.
Texture analysis (TA) of pituitary and brain MRI was analysed using ImageJ 1.49v (NIH). The distribution of grey levels between pixels in a given region of interest (ROI) was described by means of the standard deviation (s.d.) of the ROI. Curves were obtained by manually placing the ROI to entirely cover the pituitary stalk (examples are shown in Figs 1 and 2). White (the corpus callosum) and grey brain matter (frontal cortex circonvolution) intensity and s.d. were used to normalise the data measured at PS levels. Additionally, we measured the texture in the pituitary gland in both sagittal and coronal slices. All parameters were measured in T1-weighted images pre-and post-gadolinium. Two physicians (A M I and E S) independently placed the ROIs and recorded textural parameters. Inter-observer agreement was calculated and, given the substantial reliability for the entire set, data obtained by one operator (E S) were used (Supplementary Tables 1 and 2, see section on supplementary data given at the end of this article).
Follow-up
Each patient received a personalised follow-up protocol according to clinical history, symptoms, biochemical and imaging results, but usually consisted of clinical evaluation, endocrine tests, serum tumour markers and pituitary MRI 3 months after diagnosis/surgery and subsequently every 6 months for the first year, and then yearly if the lesion was morphologically and biochemically stable.
Reference diagnosis
The reference diagnosis was defined on the basis of pathology findings, when available, or on the basis of clinical follow-up. Specifically, non-neoplastic lesions were either histologically proven or responded to initiation/suspension of drugs known to affect pituitary/ pituitary stalk changes, or remained stable or reduced in size on follow-up (>12 months).
We performed a separate texture MRI image analysis comparing neoplastic lesions and just the subgroup of patients with histologically confirmed nonneoplastic lesions (reported in Supplementary Data and Supplementary Table 5 ).
Data analysis
We used SPSS (version 17) for statistical analysis of the data. The data presented are mean ± s.d. As there were two raters for the textural heterogeneity analysis data, the Cohen-k coefficient was used for inter-observer agreement: reliability analysis for quantitative textural parameters was performed with analysis of the inter-class correlation coefficients. We performed receiver-operating characteristic (ROC) curves to evaluate the combination of sensitivity and specificity for each possible test positivity cutoff, and we used the area under the ROC curve to express the overall diagnostic accuracy of the index test. P < 0.05 was considered indicative of a statistically significant difference. STARD guidelines were followed for reporting diagnostic accuracy of this study (15) .
This project was registered as an audit (Datix ID number 4062), and registered as such with Oxford University Hospitals Trust.
Results

Characteristics of the study population
A total of 42 cases fulfilled the search criteria; of these, 6 were excluded based on the absence of a pre-defined mandatory image slice. Thus, 36 patients (61% males) with pituitary stalk thickening were included, with a mean age at diagnosis of 37 years (range 4-83, s.d. 22.9).
The nature of pituitary stalk lesion was histologically proven in 18 patients (50%) and attributed with a high grade of certainty in 4 more patients for a total of 22 patients. Overall, we identified neoplastic lesions in 10 patients (46%), inflammatory lesions in 7 (32%) and congenital anomalies in 5 patients (22%). Of the 10 neoplastic lesions, 2 were considered to be relatively benign: a craniopharyngioma and a pituicytoma. Malignant tumours included six primary germinomas, one Langerhans cell histiocytosis and one secondary lesion from a breast carcinoma. Of inflammatory lesions, three patients had a lymphocytic hypophysitis, one a secondary hypophysitis associated with a ruptured Rathke cleft cyst, and three ipilimumab-induced hypophysitis. With regard to the three patients with ipilimumab-induced hypophysitis, biopsy was not performed, but the diagnosis were considered certain because symptoms, clinical findings and images all improved significantly after drug withdrawal.
Of the congenital lesions, four were Rathke cleft cysts and one PST was considered to be due to ectopic posterior pituitary tissue, as judged by the results of multiple subsequent MRI although, biopsy in this case was not performed.
Diagnosis according to age sub-groups
In the young patients (<18 years), germinoma was diagnosed in 5/10 patients (50%): one had a craniopharyngioma, one a congenital ectopic posterior pituitary tissue, while three had stable imaging and no new endocrine defect at 2-5 years follow-up.
In the sub-group of middle-age patients (19-59 years), 1/20 patients had a germinoma, one a pituicytoma, one a Langerhans cell histiocytosis and 3/20 (15%) a Rathke cleft cyst. Interestingly, all seven inflammatory lesions fell in this age category. The remaining 7/20 patients (35%) did not undergo biopsy and showed stable lesions at follow-up.
In the older age group (>60 years), one had a metastatic adenocarcinoma of breast origin as the first evidence of metastasis after 8 years from the primary diagnosis, while one was diagnosed with a Rathke cleft cyst; four of the six did not undergo surgery and presented stable lesions at 3-5 years of follow-up.
Overall, germinomas were diagnosed at an average age of 12.5 ± 4.9 years (range 9-21); 4/6 patients with germinomas had blood tumour markers performed (αFP, hCG, CEA and ACE) and all were negative, as were the CSF tumour markers in the only patient in whom these were assessed. In 5/6 patients, CSF analysis for cells alone was performed, but in only one case was this diagnostic of germinoma.
With regard to the three patients with ipilimumabinduced hypophysitis, biopsy was not performed, but the diagnosis was considered certain because symptoms, clinical findings and images all improved significantly after drug withdrawal.
Clinical findings and endocrine evaluation
At the time of diagnosis, DI was present in 17 patients (47%), headache in 15 patients (42%), visual problems in 9 (25%), lethargy in 5 (14%), weight loss in 5 (14%), dizziness in 4 (11%), poor appetite in 3 (8%) and diminished libido in 3 males (8%). In three cases (8%), PST was an incidental finding ( Table 1) .
Of the 28 patients who had hormonal tests performed at the time of diagnosis, 16/28 (57%) had at least one anterior pituitary hormonal deficit, while 5/28 (18%) patients had more than one anterior pituitary axis affected (3 had panhypopituitarism). Secondary hypogonadism was the most common endocrine deficiency (36%), followed by GH deficiency (21%), adrenal insufficiency (21%) and thyroid hormone deficiency (18%) ( Table 2) . Two additional patients could not be fully evaluated, presenting to our centre already receiving hydrocortisone replacement therapy. Considering inflammatory lesions alone (7 patients): three showed ACTH deficiency, one did not have ACTH deficiency, while in the remaining three patients, the pituitary-adrenal axis was not assessed. Comparing the group of patients with neoplasms to the non-neoplastic patients, in the former group, there was a greater prevalence of DI (80% vs 35%; P = 0.014), secondary hypogonadism (57% vs 29%; P = 0.03), the presence of at least one anterior pituitary deficit (100% vs 43%; P = 0.007) and complaint of severe lethargy (40% vs 4%; P = 0.004). In particular, the combination of DI plus secondary hypogonadism was a distintintive feature of neoplastic PST (75% vs 20%; P = 0.003, Tables 1 and 2) .
As a result of surgery, new onset of the following disorders was found: 2 permanent DI, 3 secondary hypogonadism, 10 ACTH deficiency, 3 hypothyroidism, 2 GH deficiency.
During follow-up of non-operated patients, four developed a pituitary deficit that was absent at presentation and the new pituitary deficit occurred after the onset of DI. Specifically, in one patient, hypogonadotrophic hypogonadism developed 1 year after diagnosis as the result of an enlarging lesion, subsequently confirmed as a germinoma. Two patients developed hypogonadotrophic hypogonadism at 1 and 3 years respectively after diagnosis, while one developed GH deficiency 2 years after the onset of DI; however, of the last three patients described, MRI imaging was stable and no biopsy was performed.
Concerning the dimensions of lesions during follow-up, four patients required a pituitary stalk biopsy during follow-up, between 3 and 12 months since first diagnosis, because of an enlargement of the lesions at MRI. All turned out to be neoplastic: two germinomas, one craniopharingioma and one pituicytoma.
MRI characteristics
Measurements of the stalk on MRI were expressed in terms of length in sagittal and coronal T1-weighted sections, and diameters at the proximal and distal portion of the PS in sagittal and coronal T1-weighted slices (Table 3) ; height, depth and the width of the anterior pituitary gland are shown in Supplementary  Table 3 . In MRI imaging, a statistically significant difference in the diameter of neoplastic and nonneoplastic PST was measured at the coronal pre-contrast upper part (6.3 ± 3.2 vs 4.3 ± 1.6; P = 0.02), sagittal postcontrast upper region (6.6 ± 2.5 vs 4.9 ± 2.2; P = 0.04) and coronal post-contrast imaging for both upper (6.4 ± 3.2 vs 4.4 ± 1.7; P = 0.04) and lower regions (4.6 ± 2.3 vs 3.2 ± 0.9; P = 0.04). Specifically, all lesions above 9.1 mm in diameter for coronal post-contrast images in the upper part of the stalk and above 5.6 mm for coronal post-contrast images in the lower part of the stalk were confirmed as neoplastic, achieving 100% sensitivity. Moreover, all lesions enlarging during follow-up showed neoplasms on histology. Neoplasia was suggested on size criteria or progression with 30% sensitivity.
Regarding size, inflammatory lesions were also significantly greater than non-inflammatory lesions in terms of height (8.3 ± 2.4 vs 6 ± 2.2; P = 0.03), depth (11.3 ± 0.8 vs 9.7 ± 2.3; P = 0.008) and width (16 ± 2.8 vs 11.6 ± 2.7; P = 0.002) of the pituitary gland (Supplementary Table 3 ). There was no direct relationship between the pattern of enhancement and the extent of the lesions. In addition, we were not able to identify any correlation between hypopituitarism and the pattern of enhancement or size of the lesion.
None of patients with neoplastic PST showed the normal PHBS (sensitivity of 100%), as compared with 64% of patients with non-neoplastic lesions (P = 0.02) (specificity of 36%). Furthermore, in our population, the simultaneous absence of the PHBS and presence of DI was significantly higher in patients with neoplastic lesions compared with the non-neoplastic group (7/8 (88%) vs 5/25 (20%); P = 0.001) with 88% sensitivity and 80% specificity.
The MRI patterns of thickening of the stalk in the upper, median and lower part are shown in Supplementary Table 4 . The strongest association with a specific pattern of thickening on cranial MRI was that for congenital lesions; with one exception, 4/5 such lesions showed a thickening of the median part of the stalk. The most frequent diagnosis in this category was a Rathke cleft cyst. Of the inflammatory lesions, 5/7 showed a thickening of the upper part of the stalk, while for neoplastic lesions, 5/10 showed a thickening of the upper part and 5/10 a thickening of the median part of the stalk. In 25 patients (69%), the abnormal imaging was limited to the pituitary stalk and showed a suprasellar extension in 6 patients (17%).
Pituitary stalk texture analysis
Texture analysis (TA) is a software-based image processing that allows to evaluate the distribution of grey levels in a given region of interest (ROI). It provides quantitative data, has been employed in several neurodegenerative disorders and is highly reproducible (16, 17) . One way to evaluate texture is to measure the standard deviation (s.d.) of the mean grey value of a given region of interest (ROI).
Comparing neoplastic and non-neoplastic PST, texture analysis revealed a significantly higher degree of heterogeneity expressed as standard deviation of the PST in patients with neoplastic lesions compared with non-neoplastic lesions (sagittal pre-gadolinium, P = 0.02; coronal pre-gadolinium, P = 0.03; sagittal postgadolinium, P < 0.001; coronal post-gadolinium, P < 0.001, Table 4 ). These findings were confirmed when corrected for the s.d. of white and grey neural tissues.
We performed ROC curve analysis to identify a possible criterion of textural heterogeneity to differentiate neoplastic from non-neoplastic stalk lesions. We found criteria for differentiating these two lesion categories for sagittal pre-gadolinium images of 7.55 s.d. with a sensitivity of 71.4% and a specificity of 84.6% (AUC: 0.786, CI: 95% 0.499-1), coronal pre-gadolinium images of 8.2 s.d. with a sensitivity of 71.4% and a specificity of 87.5% (AUC: 0.774, CI: 95% 0.499-1), sagittal postgadolinium images of 11.84 s.d. with a sensitivity of 87.5% and a specificity of 95.8% (AUC: 0.943, CI: 95% 0.832-1; Fig. 1 ) and coronal post-gadolinium images of 11.61 s.d. with a sensitivity of 88.9% and a specificity of 91.7% (AUC: 0.968, CI: 95% 0.915-1).
Discussion
In this retrospective analysis, we describe the presenting features, aetiological spectrum, associations between clinical and biochemical data with imaging characteristics, histopathology and clinical outcomes of pituitary stalk lesions seen in our university hospital over the last decade. We have also focused on reviewing MRI imaging studies for morphology, signal intensity, enhancement and texture characteristics of the pituitary gland and stalk. DI was the initial presentation in nearly half of the cases followed by headache, while anterior pituitary dysfunction was frequently present, as reported previously (6, 18) . However, it is likely that pituitary dysfunction was underestimated, as some of our patients did not have full endocrine evaluation. Secondary hypogonadism was the most common anterior pituitary deficiency, as reported previously (6), followed by deficiency of GH, ACTH/ cortisol and thyroid dysfunction, and in particular 57% had at least one anterior pituitary hormonal deficit, 18% patients had more than one anterior pituitary axes affected and 11% had panhypopituitarism. We found a significantly increased prevalence of DI, secondary hypogonadism, severe lethargy and the presence of at least one anterior pituitary deficit in patients with neoplastic disease compared with the non-neoplastic group, with neoplastic stalk lesions increasing in dimension during the follow-up period. In particular, we recommend more careful evaluation of patients presenting with DI plus secondary hypogonadism because these two conditions were significantly more present in patients with neoplastic lesions.
The absence of the normal PHBS showed 100% sensitivity but only 36% specificity in distinguishing between neoplastic and non-neoplastic lesions, while the simultaneous absence of the PHBS and presence of DI showed 88% sensitivity and 80% specificity. These results confirmed previous finding reporting that the PHBS is present in most healthy individuals and is absent in many patients with large intrasellar masses and empty sellae, probably due to compression of the posterior lobe (19) . However, neither the pattern of MRI enhancement nor the size of the lesion predicted hypophyseal dysfunction, in keeping with previous data (20) .
There are a few published case series on patients with pituitary stalk lesions. Hamilton et al. (21) published the first large case series on pituitary/infundibular lesions including 65 subjects, 44 adults and 21 paediatric patients. Only a small subset of patients (40%) had their diagnoses proven by histopathology, showing a predominance of neoplastic lesions (37%), especially in the adult group (21) . More recently, Turcu et al., in one of the largest studies on pituitary stalk lesions to date, showed a similar high prevalence of tumour lesions (32%) with a lower proportion undergoing histopathological confirmation (37/152: 24%) (6) . In our series, neoplastic lesions were the most highly represented category, accounting for 46% of all patients with certain pathology, possibly related to the higher percentage, and 50% of patients undergoing a pituitary stalk biopsy. In previous studies, inflammatory lesions comprised 30% (21) and 20% of patients (6) , not too dissimilar to the 32% we found. This may be slightly inflated by the inclusion of increasing numbers of patients with hypophysitis secondary to immune checkpoint inhibitors (22, 23, 24, 25) . With the recent introduction of these drugs for the treatment of metastatic cancers such as melanoma and their increasing use, it is likely that such patients will be seen more often, although they should not provide difficulty in diagnosis. With regard to congenital lesions, Turcu et al. reported a 9% prevalence (6) , lower compared with that reported in our population of 22% where there was a predominance of Rathke cleft cysts. However, we confirm the findings from the Mayo Clinic that most congenital pituitary stalk lesions appeared round on MRI.
This study has shown a correlation between stalk diameter dimensions and the presence or absence of neoplastic change, demonstrating that neoplastic stalks are larger compared with non-neoplastic lesions. All Pituitary stalk (sagittal T1 pre-gadolinium) lesions above 9.1 mm in diameter for coronal postcontrast images in the upper part of the stalk and above 5.6 mm for coronal post-contrast images in the lower part of the stalk were neoplastic, and all lesions enlarging during follow-up showed neoplasms on histology.
While previous studies were unable to establish any imaging parameter which would help identify the nature of PST (6), we have evaluated for the first time the textural heterogeneity in terms of intensity of the pituitary stalk with the programme ImageJ. There was a significant correlation between the presence of neoplasia in the pituitary stalk and the standard deviation (s.d.) of the texture of the stalk in sagittal pre-and postgadolinium and in coronal pre-and post-gadolinium T1-weighted images. We have also proposed possible textural heterogeneity criteria for the pituitary stalk for sagittal pre-and post-gadolinium and coronal pre-and post-gadolinium T1 images. These textural heterogeneity criteria were more accurate for post-gadolinium images. ImageJ is a free open-source application to process images, simple to use, and we suggest that this analysis might offer a powerful, cheap and available tool that every experienced neuroendocrinologist could use in clinical practice.
Limitations
Our study has several limitations: first of all, the small sample, even though collected from a major centre over a prolonged period, with the lack of tissue-confirmed diagnoses in half the cases. Indeed, while in our population the rate of histological confirmation is higher compared with previous studies (6, 21) , it is probably still insufficient for definitive conclusions. However, one of the main limitations is the retrospective nature of data collection and our own institutional referral bias that may overestimate severe conditions and may underestimate many asymptomatic lesions or lesions with lower clinical impact. Nevertheless, given that performing biopsy of pituitary stalk is a technically demanding technique that has significant risk of morbidity, the diagnosis was frequently based on clinical findings, biochemical evaluation and serial MRI.
In conclusion, the spectrum of pathology involving the pituitary stalk is broad, ranging from indolent to more malignant lesions that can have a dramatically altered prognosis. We suggest that stalk lesions above a certain size, or which enlarge on follow-up, or which show defined textural characteristic, are more likely to require urgent intervention as compared with more indolent lesions best served by a conservative observational approach. It is possible that more sophisticated image analysis as suggested here may expedite attainment of a definitive diagnosis, leading to more rapid and effective therapy.
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